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Edited by Michael SussmanAbstract cDNAs encoding aquaporins PIP1;1, PIP2;1, and
TIP1;1 were isolated from Mimosa pudica (Mp) cDNA library.
MpPIP1;1 exhibited no water channel activity; however, it facil-
itated the water channel activity of MpPIP2;1 in a phosphoryla-
tion-dependent manner. Mutagenesis analysis revealed that
Ser-131 of MpPIP1;1 was phosphorylated by PKA and that
cooperative regulation of the water channel activity of MpPIP2;1
was regulated by phosphorylation of Ser-131 of MpPIP1;1.
Immunoprecipitation analysis revealed that MpPIP1;1 binds di-
rectly to MpPIP2;1 in a phosphorylation-independent manner,
suggesting that phosphorylation of Ser-131 of MpPIP1;1 is in-
volved in regulation of the structure of the channel complex with
MpMIP2;1 and thereby aﬀects water channel activity.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The seismonastic movement of the Mimosa plant (Mimosa
pudica) is generally explained by a sudden change in turgor
pressure in the motor cells of the pulvinus at the base of each
leaf or leaﬂet. External stimuli such as mechanical touch cause
an electrical signal that is converted into a chemical signal that
increases the permeability of the cell membranes. Such in-
creased permeability causes water and ions to move from the
symplasts into the apoplasts [1]. Over the course of a few sec-
onds, water in the extensor half of the pulvinus is transferred
to the ﬂexor half, resulting in movement of the leaf [2]. The
water transport mechanism that contributes to this movement
is not known. Aquaporins (AQPs) are water channels that
inﬂuence changes in turgor pressure in plant cells by transport-
ing water across cell membranes [3–5]. In plants, AQPs are
divided into four clades: plasma membrane intrinsic proteins
(PIPs), tonoplast intrinsic proteins (TIPs), nodulin-like intrin-Abbreviations: AQP, aquaporin; Pf, osmotic water permeability; PIP,
plasma membrane intrinsic protein; PKA, cAMP-dependent protein
kinase A; TIP, tonoplast intrinsic protein
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urat-Lessard et al. [7] suggested that TIPs are involved in the
seismonastic movement ofMimosa; however, the possible con-
tributions of PIPs, which have not been cloned from Mimosa,
are not known. We focused on PIPs and TIPs of the Mimosa
plant and isolated cDNA clones from an M. pudica library.
Water channel activity was examined by heterologous expres-
sion in Xenopus laevis oocytes. In general, several mechanisms
of regulation of AQP activity have been reported, changes in
expression in response to circadian rhythms [8,9] or stresses
[10–14], molecular traﬃcking [15], pH [16–20], and phosphor-
ylation [3,21–24]. Because of the swiftness of the M. pudica
movement, we examined the eﬀect of phosphorylation on the
activities of our novel AQPs. Rat AQP2 [21], Arabidopsis a
TIP [25], soybean nodulin 26 [26], and spinach PM28A [23]
were reported to be activated by phosphorylation catalyzed
by cAMP-dependent protein kinase A (PKA). It was recently
reported that Maize ZmPIP1;2 increases the activities of
ZmPIP2s when co-expressed in Xenopus oocytes [27]. Here,
we show how phosphorylation aﬀects the interactions of M.
pudica AQPs and regulates water channel activity.2. Materials and methods
2.1. cDNA library synthesis and cDNA screening
M. pudica L. was grown in a greenhouse. Total RNA was prepared
from approximately 10-day-old seedlings. mRNA was puriﬁed with
Dynabeads Oligo(dT) 25 (Dynal), and cDNA was synthesized with a
SuperScript Choice System (Invitrogen) and ligated into predigested
k ZAP II/EcoRI/CIAP vector (Stratagene), and packed into Gigapack
III Gold (Stratagene).
cDNAscreeningwas performedwith anECLdirect nucleic acid label-
ing and detection system (Amersham Biosciences). Probe forMpPIP1;1
orMpTIP1;1was synthesized by reverse transcription-polymerase chain
reaction (RT-PCR) with dT-adaptor primer and 5 0-ATGATCTTC(A/
G)(C/T)CCT(C/T)GT(C/T)TACTGCAC-3 0 or 5 0-GGCCACGT(C/G/
T)AACCC(A/G/T)GC(C/T)GT-3 0, respectively. Forward primers for
PIP and TIP were synthesized based on conserved nucleotide acid se-
quences near the NPAmotifs in loop B and loop E [3,5,28], respectively.
A full-length MpPIP1;1 clone was used as a probe to screen for an
MpPIP2;1 cDNA.
2.2. Site-directed mutagenesis and in vitro phosphorylation assay
AQuickChange Site-DirectedMutagenesis Kit (Stratagene) was used
for site-directed mutagenesis. Ser-131 and Ser-209 in MpPIP1;1 were
changed to Ala (S131A and S209A) with primer pairs (mismatched
nucleotides are underlined) 5 0-GGGAGGAAGTTGGCCTTGA-
CAAGGGCC-3 0 and 5 0-GGCCCTTGTCAAGGCCAACTTCCTCC-
C-3 0 for S131A, and 5 0-AGCGCCCGTGACGCGCACGTCCCCA-ation of European Biochemical Societies.
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3 0 for S209A. A double mutant (S131, 209A) was generated with
S131Aas a templateDNA.Mutationswere conﬁrmedbyDNAsequenc-
ing with an ABI Prisme377 (Applied Biosystems).
The coding sequences of MpPIP1;1, MpPIP2;1, and MpTIP1;1
were subcloned into the BglII site of the p3 · FLAG-CMVe-10
expression vector (Sigma). Approximately, 4 · 105 COS7 cells were
transfected with 4 lg of expression vector in 10 ll Lipofectaminee
2000 (Invitrogen). After 24-h incubation, cells were further cultured
for 2 h in phosphate-free Dulbeccos modiﬁed Eagles medium
(DMEM) with 0.5% bovine serum albumin and 10 mM Hepes, pH
7.4, and for 2 h in the same medium containing 1 mCi/ml [32P]Pi
(Amersham Biosciences). For activation of PKA, 0.2 mM forskolin
was added at 0.5, 1, and 2 h before harvest. Cells were then washed
with phosphate-free DMEM, harvested, and lysed for 1 h on ice in
400 ll of cell lysis buﬀer containing 150 mM NaCl, 50 mM Tris–
HCl, pH 7.4, 0.5% (w/v) sodium deoxycholate, 1% (v/v) Nonidet
P-40, 0.1% (w/v) SDS, 1 mM EDTA, 0.2 mM phenylmethylsulfonyl
ﬂuoride (PMSF), 3 lg/ml leupeptin, 3 lg/ml pepstatinA, 1 mMNa3VO4,
25 mM NaF. Proteins were immunoprecipitated with anti-FLAG
aﬃnity gels (Sigma). Immunoprecipitated proteins were resolved by
15% SDS–PAGE [29], and Western blot analysis with anti-FLAG
antibody (Sigma) and alkaline phosphatase (AP)-conjugated goat anti-
rabbit IgG secondary antibody (Promega) was performed to conﬁrm
the expression of FLAG-tagged proteins. Western Blue Stabilized
Substrate for AP (Promega) was used for detection. Phosphorylated
proteins were visualized by autoradiography. The intensity of each well
was calculated with Kodak 1D Image Analysis Software (EDAS292,
version 3.5; Eastman Kodak). Intensity is reported relative to the
control intensity.2.3. In vitro RNA synthesis
The coding sequences of MpPIP1;1, MpPIP2;1, and MpTIP1;1
were subcloned into the BglII site of pXbG-ev1 vector [30]. Capped
cRNA transcripts were synthesized in vitro with mMESSAGE mMA-
CHINE T3 Kit (Ambion) with NotI linearized vector.2.4. Oocyte isolation, cRNA injection, and osmotic water permeability
assay
X. laevis oocytes were isolated at stages V–VI and defolliculated
by digestion with 1 lg/ll collagenase B (Roche Diagnostics).
Approximately 30 nl distilled water (vehicle control) or 15 ng
in vitro transcript (0.5 lg/ll) was injected and the oocytes were incu-
bated at 18 C in mBS (88 mM NaCl, 1 mM KCl, 2.4 mM NaH-
CO3, 15 mM Tris–HCl, pH 7.5, 0.3 mM Ca(NO3)2, 0.4 mM CaCl2,
0.8 mM MgSO4, and 200 mosmol/kg) for 3 days until the assay.
To measure the osmotic water permeability (Pf), oocytes were
transferred from 200 mosmol/kg (osmin) to 70 mosmol/kg (osmout)
mBS, and the increase in volume was observed by video microscopy.
Pf values were determined as described previously [31]. To examine
the eﬀects of PKA activators, oocytes were incubated in mBS
containing 0.2 mM forskolin (Sigma), 0.5 mM 8-(4-chlorophenyl-
thio)adenosine 3 0,5 0-cyclic monophosphate sodium salt (pCPT-
cAMP) (Sigma), and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX)
(Sigma) for 30 min until Pf measurement. Diﬀerences between sam-
ples were analyzed by Students t test.Fig. 1. In vitro phosphorylation assay of MpPIP1;1 (A) and
MpPIP2;1 (B). MpPIPs were expressed as FLAG-tagged proteins in
COS7 cells. Cells were treated with 1 mCi/ml [32P]Pi for 2 h and then
incubated with 0.2 mM forskolin for 0, 0.5, 1, or 2 h. After forskolin
treatment, cells were lysed and immunoprecipitated with anti-FLAG
aﬃnity gels. Immunoprecipitated FLAG-tagged proteins were resolved
by 15% SDS–PAGE followed by Western blotting with anti-FLAG
antibody (lower panels). Phosphorylated MpPIP1;1 (arrowhead) is
visible on the autoradiographic image, whereas there is no signal for
MpPIP2;1 (upper panels). Double-arrowhead represents the estimated
size of FLAG-tagged MpPIP2;1 protein.2.5. Co-immunoprecipitation assay
The coding sequences of MpPIP2;1 and MpTIP1;1 were
subcloned into the KpnI site of the pHM6e mammalian expression
vector (Roche Diagnostics) to express an HA-tagged protein.
FLAG-MpPIP1;1 was co-expressed with HA-MpPIP2;1 or HA-
MpTIP1;1 in COS7 cells. Cells were lysed for 1 h on ice in 400 ll
cell lysis buﬀer. Proteins were immunoprecipitated with anti-FLAG
aﬃnity gels. Coprecipitated proteins were detected by Western blot-
ting with anti-HA-tag antibody (clone 3F10; Roche Diagnostics)
and peroxidase-conjugated anti-rat IgG secondary antibody (Sigma).
The ECL Western Blotting Detection System (Amersham Biosci-
ences) was used for visualization. Blotted membranes were reprobed
with anti-FLAG antibody and peroxidase-conjugated goat anti-
mouse IgG1 secondary antibody (Santa Cruz Biotechnology) to
detect immunoprecipitated FLAG-tagged proteins.3. Results
3.1. cDNA cloning of Mimosa AQPs
We isolated one TIP and two PIP cDNA clones from an
M. pudica cDNA library. The isolated AQPs were classiﬁed
on basis of nucleotide sequence similarities. MpPIP1;1 (Gen-
Bank Accession No. AB206098) and MpPIP2;1 (GenBank
Accession No. AB206099) showed 96% and 83% sequence
similarity with Samanea saman AQP1 and AQP2 [32], respec-
tively, and MpTIP1;1 (GenBank Accession No. AB206104)
showed 85% sequence identity with Arabidopsis TIP1 (gam-
ma-TIP) [25]. Two NPA motifs, which are well characterized
in AQPs, were conserved in the novel Mimosa AQPs (data
not shown).3.2. MpPIP1;1 phosphorylation catalyzed by PKA
Two putative phosphorylation sites were present in
MpPIP1;1 (Ser-131 and Ser-209) and MpPIP2;1 (Ser-123 and
Ser-200) [12,23,25,33]. FLAG-MpPIP1;1 and -MpPIP2;1 were
expressed in COS7 cells and treated with forskolin, which in-
crease levels of cAMP, in the presence of isotope-labeled phos-
phate. Immunoprecipitated MpPIP1;1 was then detected by
autoradiography (Fig. 1). Phosphorylation of MpPIP1;1 was
elevated after 0.5-h treatment with forskolin, whereas
MpPIP2;1 was not phosphorylated under the same conditions.
3.3. Phosphorylation sites in MpPIP1;1
The putative phosphorylation sites in MpPIP1;1, Ser-131
and Ser-209, were replaced with Ala to yield mutants S131A,
Fig. 2. Determination of phosphorylation sites in MpPIP1;1. (A)
Putative phosphorylation sites (Ser-131 and Ser-209) in MpPIP1;1,
were replaced with Ala (S131A, S209A, and S131,209A). Wild-type
and mutant forms of MpPIP1;1 were assayed as described in the
legends for Fig. 1. Cells were incubated in 0.2 mM forskolin for 0 h ()
or 0.5 h (+), harvested and lysed in cell lysis solution. The sample was
divided into two aliquots and each aliquot was subjected to SDS–
PAGE. One gel was used for autoradiography (upper panel) and the
other gel was used for Western blot analysis with anti-FLAG antibody
(lower panel). Arrowhead indicates the position of FLAG-MpPIP1;1.
(B) The band intensity of the phosphorylated protein relative to that of
the unphosphorylated protein was quantiﬁed. The value of wild-type
MpPIP1;1 in the absence of forskolin was set as 100%. Data are
means ± S.D. (bar) of three independent measurements.
Fig. 3. Water channel activities of MpPIP1;1, MpPIP2;1, and
MpTIP1;1. Oocytes were injected with 15 ng of cRNAs encoding
MpPIP1;1, MpPIP2;1, or MpTIP1;1 or the same volume of water
(vehicle control) 3 days before the assay. MpPIP1;1 (3.75 ng cRNA)
was co-injected with MpPIP2;1 (11.25 ng cRNA) or MpTIP1;1
(11.25 ng cRNA). Pf values are means ± S.D. (bar) of 16 to 24 oocytes.
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phorylation assay (Fig. 2). Phosphorylation of S131A and
S209A was weaker than that of wild-type MpPIP1;1, and
phosphorylation of wild-type and S209A was increased slightly
in the presence of forskolin. No remarkable diﬀerence in the
level of phosphorylation of S131A in response to forskolin
was observed. The double mutant, S131,209A, was not phos-
phorylated, suggesting that MpPIP1;1 is phosphorylated by
PKA on Ser-131.
3.4. Co-expression of MpPIP1;1 and MpPIP2;1 in Xenopus
oocytes
Pf was measured with oocytes injected with cRNAs encod-
ing MpPIP1;1 and MpPIP2;1. As shown in Fig. 3, the Pf value
for oocyte expressing MpPIP2;1 or MpTIP1;1 was 7-fold or 4-
fold higher than for the vehicle control, respectively. The Pf
value for MpPIP1;1 was the same as that for the control, indi-
cating that there was no water channel activity. However, a
signiﬁcant increase in the Pf value was observed when
MpPIP1;1 and MpPIP2;1 cRNAs (3.75 + 11.25 ng) were co-
expressed in oocytes. The value was 1.5-fold higher than that
for oocytes expressing only MpPIP2;1. In contrast, the Pf
value of oocytes expressing both MpPIP1;1 and MpTIP1;1
was not diﬀerent from that of control oocytes. These ﬁndings
indicate that MpPIP1;1 enhances the water transport activity
of MpPIP2;1.3.5. Eﬀect of MpPIP1;1 phosphorylation on interaction with
MpPIP2;1
To clarify the role of phosphorylation of MpPIP1;1 in the
cooperative regulation of MpPIP2;1 activity, we measured Pf
in the presence or absence of PKA activators (forskolin,
pCPT-cAMP, and IBMX) (Fig. 4). Pf values for wild-type and
mutant forms of MpPIP1;1 were not changed by these PKA
activators. As described above, MpPIP1;1 inﬂuencesMpPIP2;1
activity even in the absence of PKA activators. A further in-
crease in activity was observed in oocytes expressing both of
these proteins in the presence of PKA activators. A similar eﬀect
was observed in oocytes co-injected with cRNAs of MpPIP2;1
and S209A but not S131A or S131,209A. These results clearly
show that the cooperative regulation of water channel activity
is enhanced by phosphorylation of Ser-131 of MpPIP1;1.
3.6. Direct interaction between MpPIP1;1 and MpPIP2;1
AQPs are known to form heterocomplexes in biological
membranes. To address the question of whether phosphoryla-
tion of Ser-131 inﬂuences the direct interaction of MpPIP1;1
with MpPIP2;1, FLAG-MpPIP1;1 was co-expressed with
HA-MpPIP2;1 or -MpTIP1;1 in COS7 cells. Cells were incu-
bated in forskolin, lysed as described above and subjected to
immunoprecipitation with anti-FLAG aﬃnity gels. MpPIP2;1
was co-immunoprecipitated with wild-type and mutant forms
of MpPIP1;1 (Fig. 5; top panel). Blotted membranes were re-
probed with anti-FLAG antibody to conﬁrm the immunopre-
cipitation of FLAG-MpPIP1 (Fig. 5; middle panel). In
contrast, MpTIP1;1 was not precipitated with wild-type
MpPIP1;1 (Fig. 5; bottom panel). These data indicate that
MpPIP1;1 and MpPIP2;1 form a heterocomplex that is inde-
pendent of MpPIP1;1 phosphorylation.4. Discussion
Rapid water transport across cell membranes is thought to
be associated with the seismonastic movement of the Mimosa
plant. Immunohistochemical analyses revealed that TIP is in-
volved in a curvature movement of the pulvinus [7]. However,
Fig. 4. Inﬂuence of PKA activators on MpPIP1;1 cooperative regulation of MpPIP2;1 activity. Pf values were measured in oocytes injected with
cRNAs in the absence (open boxes) or presence (solid boxes) of PKA activators (0.2 mM forskolin, 0.5 mM pCPT-cAMP, and 0.5 mM IBMX).
Control oocytes were incubated with 0.3% DMSO as vehicle control. Pf values are means ± S.D. (bar) of 13 to 20 oocytes.
Fig. 5. Direct interaction between MpPIP1;1 and MpPIP2;1.
MpPIP2;1 was coexpressed as an HA-tagged protein with FLAG
(control), FLAG-MpPIP1;1 (F-MpPIP1;1), FLAG-S131A (F-S131A),
FLAG-S209A (F-S209A), or FLAG-S131,209A (F-S131,209A) in
COS7 cells. Cells were lysed and then immunoprecipitated with anti-
FLAG aﬃnity gels. Precipitated proteins were resolved by 15% SDS–
PAGE followed by Western blotting with anti-HA-tag antibody.
MpPIP2;1 was detected both in precipitates with wild-type MpPIP1;1
and those with MpPIP1;1 mutants (upper panel). Asterisks indicate
non-speciﬁc bands. The blotted membranes were reprobed with anti-
FLAG antibody (middle panel). Free MpTIP1;1 was present in the
supernatant from the immunoprecipitation experiments and was
detected with anti-HA-tag antibody (lower panel).
4420 Y. Temmei et al. / FEBS Letters 579 (2005) 4417–4422the contribution of Mimosa plasma membrane AQPs to such
movement was not known. In the present study, we cloned
and characterized three Mimosa AQPs. We found that
MpPIP1;1 increases the permeability of MpPIP2;1 and that
phosphorylation of Ser-131of IP1;1 increases the cooperative
eﬀect on channel activity.
The three AQPs we isolated from the M. pudica cDNA
library comprised one TIP and two PIP isoforms. MpTIP1;1
shows sequence similarity with gamma-type TIPs [25].
MpPIP1;1 and MpPIP2;1 show sequence similarities with
members of the PIP families. PIPs are divided into two fami-lies, PIP1 and PIP2 [6]. In general, members of the PIP1 family
show no or little water channel activity, whereas PIP2 family
have high activity [6,23,27,32,34–36]. Oocytes injected with
MpPIP1;1 cRNA exhibited a low Pf value, whereas those in-
jected with both MpPIP2;1 and MpTIP1;1 cRNAs showed
higher Pf values than those of controls. MpPIP1;1 showed
especially high nucleotide sequence similarity to SsAQP1, a
glycerol permeable AQP [32]. The high sequence similarity
with SsAQP1 suggests that MpPIP1;1 may be an member of
the aquaglyceroporin family.
In the present study, we examined the eﬀect of phosphoryla-
tion on the activity of AQPs. Previous studies have shown that
phosphorylation of AQP increases [23,26,37] and decreases
[38,39] their activities. Some of these AQPs are regulated not
directly but instead through changes in localization [15,40].
The predicted amino acid sequences of MpPIP1;1 and
MpPIP2;1 each contained two putative phosphorylation sites.
MpPIP1;1 expressed in COS7 cells was phosphorylated by
PKA on Ser-131, whereas phosphorylation of MpPIP2;1 was
not detected. These results indicate that the water channel activ-
ities of MpPIPs are not regulated directly by phosphorylation.
In addition, MpPIP1;1 was phosphorylated in the absence of
forskolin. It is unclear whether this phosphorylation is due to
the previously activated PKA or to other protein kinases.
In Maize, inactive ZmPIP1;2 facilitates functional ZmPIP2
activity [27]. In the present study, we show that MpPIP1;1
accelerates MpPIP2;1 activity. We further analyzed the eﬀect
of phosphorylation on the regulation of MpPIP2;1 activity
by MpPIP1;1. Mutagenesis analyses revealed that phosphory-
lation of Ser-131 of MpPIP1;1 was important for this cooper-
ative eﬀect. In most cases, functional phosphorylation occurs
at sites in the C-terminus of aquaporin, such as Ser-256 of
AQP2 [40], Ser-262 of nodulin 26 [26] and Ser-274 of
MP28A [23]. The present paper is the ﬁrst report describing
the importance of phosphorylation of Ser-131 of AQP in reg-
ulation of water channel activity of AQP. To clarify the mech-
anism of how phosphorylation modulates the activities of
AQPs, MpPIPs were co-expressed in COS7 cells, and cell ly-
sates were immunoprecipitated. MpPIP2;1 bound directly to
wild-type and mutant forms of MpPIP1;1, indicating that this
interaction was not the phosphorylation-dependent. Phos-
phorylation on Ser-131 of MpPIP1;1 may contribute to struc-
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maize AQP showed that coexpression of ZmPIP1;2 and
ZmPIP2;5 improves targeting of the heterocomplex to the plas-
ma membrane of Xenopus oocytes and resulted in an increase
in the Pf value. Site-directed mutagenesis of ZmPIP1;2 re-
vealed that loop E is important for the interaction with
ZmPIP2 [27]. We believe that this phosphorylation site is lo-
cated at Ser-131 of MpPIP1;1, whereas it is located near the
well-conserved ﬁrst NPA motif in loop B, and that this phos-
phorylation regulates complex stability and traﬃcking to the
plasma membrane similar to maize AQPs.
Taken together, our results show that the permeability of
membranes ofMimosa to water is regulated by both direct inter-
actions and phosphorylation of AQP isoforms. Interestingly,
phosphorylation aﬀects not the activity of the channel but
instead the structures of complexes of these proteins. In the pres-
ent study, we examined fundamental properties of three novel
M. pudica AQPs in vitro; however, tissue-dependent and
stress-induced expression of AQP isoforms has been reported
[10–14]. To clarify the physiologic function of each AQP, it will
be necessary to analyze the exact distribution of each isoform
and to analyze how isoform interactions are regulated.References
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